Introduction {#Sec1}
============

Transformation optics (TO) has now attracted many peoples' interest due to the manipulation feature of the electromagnetic (EM) waves in a user-defined manner. Ever since the proposal reported in^[@CR1],[@CR2]^, the TO concept has motivated a series of studies on other functional and conceptual devices^[@CR3]--[@CR22]^ in the field of wave-guiding^[@CR3]--[@CR8]^ and in the field of antennas and lenses such as: focusing devices^[@CR9]--[@CR11]^, directive antennas^[@CR12]--[@CR14]^, multi-beam^[@CR15]--[@CR17]^, and isotropic emissions^[@CR18],[@CR19]^. Moreover, the techniques of source transformation^[@CR23]--[@CR28]^ have opened new ways for the design of active devices with source distribution recessed in the transformed space.

Apart from other TO-based devices, the illusion devices^[@CR29]--[@CR37]^ are also important that can fool the viewer (or detector) into making the wrong decisions. For example, an object can be made to appear like another one^[@CR29],[@CR30]^. Similarly, the illusion devices for active scatterer are capable of producing an illusion on antenna's radiation pattern^[@CR36],[@CR37]^. Up to now, the key feature of all the previously proposed illusion devices for active scatterer is that the emission point is either fully recessed or bounded by the properly designed EM medium. In this scenario, the coated EM medium is good to protect the active sources but it might prevent the matter exchange between the antennas and the external environment. Realistically, it remains a big challenge to achieve the desired wave fronts when the radiating elements are not recessed or bounded with any EM medium.

Now the question raised that whether we can modify the EM sources and virtually delocalize the emission point when the active sources are unbounded with EM medium. In other words, is it possible to distantly generate the EM radiation of the "naked" radiating elements such that we have the impression that the emission like coming from a virtual source at another location or where no radiator is physically present?

In this paper, we use transformation EM to prove that it is possible to generate the desired emission from the "naked" source where no actual source is physically present. In this regard, we introduced the scheme of non-contact illusion device with the ability of achieving the desired radiation patterns from antenna while the antenna is unbounded with any EM medium. The proposed non-contact device performs as a bridge to efficiently link the radiating waves with the antenna, which has potential to fool radar detectors. Whereas, the required constitutive parameters of the proposed device can thus be obtained by using multi-folded TO method^[@CR30],[@CR38],[@CR39]^. In this way, the guidance of radiation pattern through a certain distance can be achieved by embedding a mapped EM medium into a transformed medium^[@CR40]^ whose constitutive parameters are obtained by judiciously squeezing the larger space excluding antenna aperture into a compressed region. The beauty of the proposed design is that the transformed medium at a certain distance will behave exactly the same as the original EM medium bounded with the antenna.

To understand how the radiation pattern of source can be distantly and freely manipulated, we will consider three different examples. In the first example, a simple antenna source is manipulated to achieve the desired radiation pattern while the antenna source is not physically in contact with the proposed device. In this case, the observer will have the impression that the emission is coming from a different position instead of its real physical location. Based on this, the proposed non-contact device is used to achieve the functionality of parabolic antenna^[@CR25]^ from the point source. Finally yet importantly, the proposed device enables the array of antennas to behave like a geometrically different array of antennas. The proposed non-contact concept is devoted to create illusions for active scatterer (antenna) and in each example; the designed device is placed at a certain distance from the active sources. The proposed concept can enhance the potential of antennas for remote controlling applications and in the other fields of engineering. Full wave finite element method is used to verify the expected behavior of our proposed concept in order to distantly and freely manipulate the radiation patterns.

Results and Discussion {#Sec2}
======================

Unlike previous reported works, in this paper we aim to create a link between the radiating elements and the proposed device at a distance, so that the emission can be distantly and freely manipulated, as summarized in Fig. [1](#Fig1){ref-type="fig"}. Therefore, the principle of the proposed device allows shifting the radiation pattern compare to the actual emission, as shown in Fig. [1(a)](#Fig1){ref-type="fig"}. Indeed, the detector (or observer) looking at the radiation pattern of the source placed besides the non-contact device will observe a different radiation pattern. In this sense, the observer will have the impression that the emission comes from another source's location, which can be seen in Fig. [1(b)](#Fig1){ref-type="fig"}. In simple words, the proposed non-contact illusion device (Fig. [1(b)](#Fig1){ref-type="fig"}) makes the radiation pattern of Fig. [1(a)](#Fig1){ref-type="fig"} exactly the same as of Fig. [1(c)](#Fig1){ref-type="fig"}.Figure 1The working phenomenon of the non-contact illusion device that distantly delocalizes the emission of antenna into a desired manner. (**a**) The emission of the radiating antenna in free space is in forward direction, which is distantly manipulated by non-contact device (**b**). Observer outside the non-contact device has the impression that the radiation comes from another emitting antenna's direction, which is optically equivalent to (**c**). (**d**) The schematic diagram of proposed non-contact device. In virtual space: current source, PEC and the referenced EM medium exist. After applying the transformation only referenced EM medium is compressed and shifted towards the compressed region I. Region I is further coated with the folding region II. In all cases, the linear source and PEC remains same.

The schematic diagram for the proposed non-contact device is shown in Fig. [1(d)](#Fig1){ref-type="fig"}. In which, the yellow colored line source is physically attached with the blue colored EM medium (virtual space). Whereas, the red line besides the line source is perfect electric conductor (PEC) in order to achieve the radiation patterns only in forward direction. Next, in real space the black dashed line circle represents the virtual boundary, which is also covering the region of source. In that step, the circle of radius c (region III) is squeezed into region I, known as the compressed region. In this condition, the referenced EM medium in virtual space is also compressed and shifted to region I, which can be seen as a green colored segment. That compressed region (region I) is further coated with the complementary medium (region II) by folding the space $\documentclass[12pt]{minimal}
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Here, we illustrate our method with the example that; initially we suppose that the referenced EM medium (blue colored) in virtual space is filled with air then after transformation the referenced EM medium will transform into a mapped EM medium (green colored). In this condition, the resultant device will behave like a concentrator^[@CR3]^. Hereafter, the material change in the referenced EM medium will also influence the material change in the mapped EM medium. Theoretically, the dramatically changes of the material parameters of EM medium will change the radiation pattern of source^[@CR7]^. Thus, in our case we assumed the constitutive parameters of referenced EM medium first as an inhomogeneous material and then change the mapped EM medium accordingly.

In the following, full wave simulations of finite element method (COMSOL) are performed by adopting the transverse electric (TE) mode at the frequency of $\documentclass[12pt]{minimal}
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We can now examine the functionality of both the original antenna with referenced EM medium and the proposed non-contact device. The radiated field emitted by the real source is presented in Fig. [2(a)](#Fig2){ref-type="fig"}, and Fig. [2(b)](#Fig2){ref-type="fig"} shows the source of Fig. [2(a)](#Fig2){ref-type="fig"} is attached with the referenced EM medium that created different far-field radiation pattern. While Fig. [2(c)](#Fig2){ref-type="fig"} depicts the corresponding functionality of the proposed non-contact device with the similar current source as that of Fig. [2(a)](#Fig2){ref-type="fig"}. As it is clearly illustrated that the real source is transformed into a virtual one, which is explained by the nature of transformation. As expected, for observers, the functionality of Fig. [2(c) and (b)](#Fig2){ref-type="fig"} are identical to each other, while the mapped EM medium in the non-contact device has been shrunken and far enough from the current source. Furthermore, Fig. [2(d)](#Fig2){ref-type="fig"} represents the corresponding normalized far-field radiation patterns of Fig. [2(a--c)](#Fig2){ref-type="fig"}.Figure 2Simulation results. (**a**) z-directed electric field distribution of an electric field source with the magnitude of $\documentclass[12pt]{minimal}
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The simulation results of Fig. [2](#Fig2){ref-type="fig"} have shown the possibility of distantly shifting the emission pattern (delocalization) without changing the source. Based on it, even more complex radiating manipulation can be performed. To further validate our approach, in Fig. [3(a)](#Fig3){ref-type="fig"} a PEC reflector with the feed antenna is shown. In this case, the wave fronts of the waves are scattered with higher side lobes (black-dashed lines). Anyway, again we ask question ourselves is whether we can distantly change the radiation pattern as if the emission is coming from a different source. For example, here, we are intended to transform the radiation pattern of the PEC reflector with feed antenna into a radiation pattern of parabolic antenna, as shown in Fig. [3(b)](#Fig3){ref-type="fig"}. Whereas, Fig. [3(b) and (c)](#Fig3){ref-type="fig"} are optically equivalent.Figure 3The working phenomenon of the non-contact illusion device that distantly modifies the source into a desired manner. (**a**) The emission of the feed antenna with PEC reflector in free space is in scattered form with larger side lobes, which is distantly manipulated by non-contact device (**b**). Observer outside the non-contact device has the impression that the radiation comes from another emitting antenna, which is optically equivalent to (**c**). (**d**) Schematic diagram of the proposed non-contact device. In first step, spatial coordinate transformation is applied to design a planar focusing antenna from virtual space to physical space^[@CR25]^. The second step is achieved by recalling the Fig. [1(d)](#Fig1){ref-type="fig"}. Red lines show PEC and yellow dot represents the feed antenna. In all cases, PEC reflector and the feed antenna remain same.

In Fig. [3(d)](#Fig3){ref-type="fig"}, we consider how to map the parabolic antenna into a planar antenna and then distantly change the radiation pattern of PEC reflector by recalling the Fig. [1(d)](#Fig1){ref-type="fig"}. In the first step of Fig. [3(d)](#Fig3){ref-type="fig"}, a parabolic antenna is transformed into the planar antenna^[@CR25]^ with the parabolic equation $\documentclass[12pt]{minimal}
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                \begin{document}$${y}^{2}=2p(x+{a}_{1})$$\end{document}$. It should be noted that the red lines represent the PEC and yellow dot surrounded with PEC represent the horn feed antenna placed at the focus point of both in parabolic and planar antenna. The constitutive parameters for that particular step are obtained by ref.^[@CR25]^. The resultant planar antenna looks similar as that of the virtual space in Fig. [1(d)](#Fig1){ref-type="fig"}, so by taking advantage of this we further use second step to compress and shift the referenced EM medium into the compressed region I while, the PEC reflector and horn feed antenna will keep maintain their positions.

To verify the expected behavior of proposed non-contact planar device, simulations have been done in TE mode at the working frequency of $\documentclass[12pt]{minimal}
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The simulation results are shown in Fig. [4(a--e)](#Fig4){ref-type="fig"}. From the Fig. [4(a)](#Fig4){ref-type="fig"} (parabolic antenna) and [4(b)](#Fig4){ref-type="fig"} (planar antenna), one can see that the radiation patterns are identical to each other. Figure [4(c)](#Fig4){ref-type="fig"} represents the radiation patterns of only PEC reflector with the feed antenna. While in Fig. [4(d)](#Fig4){ref-type="fig"}, the proposed non-contact planar device is used to minimize the side lobes of the source (Fig. [4(c)](#Fig4){ref-type="fig"}) and makes it similar as that of Fig. [4(b)](#Fig4){ref-type="fig"}. Finally, the corresponding far-field radiation patterns are given in Fig. [4(e)](#Fig4){ref-type="fig"} for the Fig. [4(a,b,c and d)](#Fig4){ref-type="fig"}.Figure 4Simulation results. (**a**) z-directed electric field distribution of parabolic antenna and (**b**) is for planar antenna while (**c**) represents the PEC reflector with feed antenna in free space. (**d**) The non-contact device is used to distantly change the radiation pattern of (**c**) according to (**b**). (**e**) The normalized far-field radiation pattern of (**a**), (**b**). (**c**), and (**d**).

In the final example, suppose the linear array of antennas with their radiation pattern is shown in Fig. [5(a)](#Fig5){ref-type="fig"}. It is also possible for antennas array of Fig. [5(a)](#Fig5){ref-type="fig"} to behave like a geometrically different array when surrounded by the proposed non-contact device, as shown in Fig. [5(b)](#Fig5){ref-type="fig"}. For example, a linear antenna array surrounded by proposed device will behave like a diamond shape antenna array (Fig. [5(c)](#Fig5){ref-type="fig"}). Although, a simple case is treated here but according to the principle this scheme can be applied to arbitrarily complex arrays. The schematic diagram can be seen in Fig. [5(d)](#Fig5){ref-type="fig"} with two different steps and due to symmetric structure, here, the first quadrant portion is demonstrated for the first step. In the first step, the brown colored array sources made of $\documentclass[12pt]{minimal}
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                \begin{document}$${\rm{\Delta }}ABO$$\end{document}$ (blue colored region). In the second step, the compression and folding technique is applied by recalling the Fig. [1(d)](#Fig1){ref-type="fig"} in order to achieve two elements of proposed non-contact device.Figure 5The working phenomenon of the non-contact illusion device that distantly modifies the array of sources into a desired manner. (**a**) The emission of the linear array of antennas is distantly manipulated in (**b**), so the observer outside the non-contact device has the impression that the radiation comes from different geometrical structure of antennas' array, which is optically equivalent to (**c**). (**d**) Schematic diagram: in the first step, the brown colored array sources made of $\documentclass[12pt]{minimal}
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To verify the expected behavior of proposed non-contact array device, simulations have been done in TE mode at the working frequency of $\documentclass[12pt]{minimal}
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The simulation results are shown in Fig. [6(a--e)](#Fig6){ref-type="fig"}, in which Fig. [6(a)](#Fig6){ref-type="fig"} shows the radiation pattern of diamond shaped antenna array in the free space and after first transformation, Fig. [6(b)](#Fig6){ref-type="fig"} represents the field pattern of linear antenna array surrounded by the referenced EM medium. Figure [6(c)](#Fig6){ref-type="fig"} demonstrates the radiation pattern of linear antenna array in free space. Finally, the proposed non-contact device is used in Fig. [6(d)](#Fig6){ref-type="fig"} to distantly change the radiations pattern of Fig. [6(c)](#Fig6){ref-type="fig"} according to Fig. [6(b)](#Fig6){ref-type="fig"}. Figure [6(e)](#Fig6){ref-type="fig"} shows the normalized far-field radiation patterns of Fig. [6(a,b,c and d)](#Fig6){ref-type="fig"}.Figure 6Simulation results of non-contact device for arrays of antenna. (**a**) A diamond shaped array of antennas is placed in free space. (**b**) The (**a**) is transformed into a linear array. (**c**) The linear array as of (**b**) is placed in free space without EM medium. (**d**) The proposed non-contact device is used to distantly change the radiation patterns of (**c**) to make it similar as that of (**b**) for the observers. (**e**) The normalized far-field radiation pattern of (**a**), (**b**), (**c**), and (**d**).

It should be noted that the practical implementation of the above-mentioned proposed devices becomes more limited due to the obtained material parameters of the designed devices. The proposed devices are composed by highly anisotropic parameters and with negative values in some region, simultaneously. However, with the help of metamaterials, we can achieve the required values, at least for certain polarization. In this regard, the split-ring resonators (SRRs) can achieve negative permeability, and the metal rod can achieve negative permittivity. By combining the both SRRs and metal rod^[@CR30],[@CR41]^, the values can be achieved.

Conclusion {#Sec3}
==========

In conclusion, we proposed three different devices to distantly and freely manipulate the radiation patterns of antennas with multi-folded TO method. The structure of proposed non-contact device contains a mapped EM medium embedded in the compressed region and covered by the folding region with negative index materials. We illustrate the proposed concept with detailed numerical simulations for each case of different proposed antenna devices and confirmed that the illusion of active scatterer can be distantly achieved. This proposed concept will be very helpful for future antenna design.

Methods {#Sec4}
=======

The non-contact device (Fig. [1(d)](#Fig1){ref-type="fig"}) is designed through a homogeneous transformation method. For details, the transformation functions for compression of region III into region I are:$$\documentclass[12pt]{minimal}
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Similarly, the transformation functions for the folding region II is:$$\documentclass[12pt]{minimal}
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For non-contact planar device (Fig. [3(d)](#Fig3){ref-type="fig"}), the transformation mapping contains two-steps. At first step, the parabolic antenna is transformed into a planar antenna with the material parameters obtained from ref.^[@CR25]^. For ease, the transformation functions for the first step are given as:$$\documentclass[12pt]{minimal}
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In the second step, the transformation functions and constitutive parameters are obtained from eqs ([1](#Equ1){ref-type=""}--[2](#Equ2){ref-type=""}) and eqs ([4](#Equ4){ref-type=""}--[5](#Equ5){ref-type=""}), for region I and region II respectively. Moreover, the material parameters of the image part in region I will become as$$\documentclass[12pt]{minimal}
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For third example, we consider only the first quadrant segment (blue colored) due to the symmetric structure of proposed device, which can be seen in Fig. [5(d)](#Fig5){ref-type="fig"}. In the first step, the $\documentclass[12pt]{minimal}
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In this way, the diamond shaped antenna arrays are transformed into a linear array with the material parameters of the first quadrant is: $\documentclass[12pt]{minimal}
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                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\varepsilon }_{{\rm{\Delta }}ABO(image)}={\mu }_{{\rm{\Delta }}ABO(image)}=[\begin{array}{ccc}4 & 1 & 0\\ 1 & 0.5 & 0\\ 0 & 0 & 0.5{(c/a)}^{2}\end{array}]$$\end{document}$, for the same segment. Hereafter, eqs ([4](#Equ4){ref-type=""}--[5](#Equ5){ref-type=""}) are used to obtain the constitutive parameters for the folding region.
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